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ABSTRACT 


This study examines several previously used instrumentation 
amplifier circuits to find limitations and possibilities for 
improvement. One general configuration is then analyzed in detail 
and methods for improvement are enumerated. 

An improved amplifier circuit is described and analyzed with 
respect to common mode rejection and noise. Experimental data 
are presented showing good agreement between calculated and 
measured common mode rejection ratio and equivalent noise resistance. 

The new amplifier is shown to be capable of common mode 
rejection in excess of 140 dB for a trimmed circuit at frequencies 
below 100 liz and equivalent white noise below 3.0nv/ /"Hz above 


1Q00 Hz. 
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CHAPTER I 


INTRODUCTION 


Ins trumentation Amplifiers 

An instrumentation amplifier is an electronic signal conditioning 
device designed to detect and amplify the difference of two electric 
signals. Instrumentation amplifiers find use in biomedical measure- 
ments, thermocouple temperature measurements, audio microphone 
amplification, analog computers, and many other data gathering and 
measurement instruments. 

The most useful property of instrumentation amplifiers Is their 
ability to amplify the difference of two signals while rejecting any 
signals common to the two inputs* This property is called "common mode 
rejection" and is quantified by the common mode rejection ratio (CMRR) . 
The CKRR is defined as the ratio of differential gain to common mode 
gain. In a quality instrumentation amplifier this ratio will reach 
values of 10 s and higher at low frequencies* 

The common mode rejection property allows low level signals to 
be transmitted over a length of cable and be received with only slight 
increases in noise due to electromagnetic pickup on the cabxe* If the 
two signal lines in the cable runnin g f rom the sensor are close to 
each other the electromagnetic pickup will be approximately a common 
mode signal and will be rejected by the amplifier* 
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Purpose of Study 

The purpose of this study was to examine the characteristics 
of commonly used instrumentation amplifier circuits to determine the 
relationships governing signal to noise ratio (S/N) and CMRR* A new 
amplifier was developed, using these governing relationships and 
low noise circuit design theory to give state of the art performance 
in a low noise high common-mode-rejection instrumentation amplifier* 

In systems designed to measure a parameter over many orders of 
magnitude such as pulse rebalance accelerometers [1] dynamic range 
of the system can be limited by preamplifier noise. Therefore, in 
such applications the S/N of the preamplifier must be maximized. This 
study will develop the design equations for the maximization of S/N 
and CMRR for one type of instrumentation amplifier. The amplifier is 
a low noise implementation of a well proven approach [2], [3], 

Guidelines 

The following guidelines were used in the amplifier development. 

1. The differential voltage of the amplifier shall be set by 

a single resistor selection to have a value between five and 
five-hundred. The tolerance and stability of this gain 
shall depend only on the tolerance and stability of the 
resistor used. 

2. The gain nonlinearity shall not exceed 0.1 % over the 
entire dynamic range. 

3. The output dynamic range shall be such that a ten-volt peak 
sine wave at the output shall show no indication of over- 
load distortion when applied across a 10 kfi load. 



4. 
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The small signal 3 dB bandwidth of the amplifier shall be 
in excess of 100 kHz. 

5. The input impedance of the amplifier shall be in excess of 
100 MSI in both the differential and common modes. 

6. The output impedance shall b( less than 200 ft. 

7. The amplifier shall be operable over a range of power 
supply voltages from + 10 V to + 18 V. 

8. The input DC offset shall be less than 10 mV. 

9. The output signal slew rate shall be in excess of 3 V/ys. 

10. The common mode rejection ratio shall be in excess of 100 dB 
for frequencies below 100 Hz and greater than 60 dB at 

20 kHz. 

11. The input referred equivalent noise voltage (e^ ) shall not 
exceed 10 nV// Hz, and shall preferably be less than 

4 nV// Hz for differential gains above 20. 



CHAPTER II 


PRIOR WORK 


Introduction 

Several circuits commonly used as instrumentation amplifiers 
will be discussed in this chapter. The derived equations governing 
noise and common mode rejection will be presented. These equations 
will be used as the basis for a comparison of the circuits for typical 
amplifier gain and component matching. 

S ubtracter Circui t 

The most popular and si &n* cant iguration used in instrumentation 
amplifiers is the single operational amplifier (Op-Amp) subtracter 
circuit shown in Figure 2-1. 


Rt 


K,. 



Figure 2-1, Simple Subtracter Circuit. 

From this circuit the output voltage can be shown to equal that 
of Equation (2-1). 
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~Rz + Ri J 

The differential input voltage is defined as 


Vd 5 Vi 


- v-, 


Assuming 


Ri* 

Rz’ 


Ri 

R2 t 


and 


it can be shown that 


CMRR » 


Vd 


If 


then 


A 

Rz 1 


Rz + Ri 

A 

Ri 

4" 1 


Ri + Rz 



A » 1, 
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V d R i • 

The common mode input voltag'. is defined as 


V 


cm 


Vi Vz 

2 


( 2 - 1 ) 


( 2 - 2 ) 


( 2 - 3 ) 


( 2 - 4 ) 


( 2 - 5 ) 


(2-G) 
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To maintain clarity the sources of error leading to a finite 
common mode rejection ratio will be analyzed and presented separately. 
If each error is small, the interaction of errors will be a second 
order effect. The effect of each error souu’.a will be presented as an 
equivalent common mode rejection factor (CMR) assuming that all other 
sources of error have zero effect. As the errors can be eiuher 
additive or subtractive depending on random selection of circuit 
components, a good approximation of the total error can be obtained by 
a square root of the sum of the squares combination of all the errors 
such as that of Equation (2-7). 


CMRR 



(2-7) 


Th.> common mode rejection factor is defined as the ratio of differen- 
tial mode gain to common mode gain. Solving for the common mode 
rejection factors for the simple subtractor the following equations are 
obtained. For error due to mis-match in feedback resistors 


CMRi 


Ri /Rg R2 + Ri 
„ AR1/R2 J R3 


( 2 - 8 ) 


For error due to finite op-amp common mode rejection 


* CMR 


CMR 2 


■op- amp. 


(2-9) 



For error due to source Impedance mls-match 


CMR 3 


*sl 


AR S J 

\ 


+ R . 

Rs 



( 2 - 


Thls common mode rejection Is limited by the resistor mis- 
match to about 100 dB using 0,1% tolerance resistors with a balanced 
source and gain of 100. The CMRR is seriously degraded however, by 
unbalanced source resistance. 

Each resistor has a thermal noise source associated with it 
which can be represented by either of the two ei|-> /alent noise sourcer 
shown in Figure 2-2 (.a and b) . 



Figure 2-2. Resistor Equivalent Noise Models, 




8 


In Figure 2-2 


i 2 = 

4 kT 

A 2 /Hz, 

(2-11) 

R 

and e n 2 = 

4 kT R 

V 2 /Hz, 

(2-12) 

where k is Boltzmanns constant 

(.1.38 x 

10“ 23 J/K) and T is 

the 

absolute temperature in Kelvins* 

One of 

these noise models 

will be 


substituted for each of the resistors in Figure 2-1 and the analysis 
will be performed to obtain equations for the total noise due to the 
resistors. 

The noise model of the op-amp appears in Figure 2-3. 



Figure 2-3. Operational Amplifier Noise Model. 

The equivalent noise sources used in this model must be taken from 
manufacturers specification sheets, calculated from the amplifiers 
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circuit configuration or measured. The model of Figure 2-3 will be 
placed into the circuit of Figure 2-1 to derive tht: total noise due to 
the op-amp, Similar to the common mode analysis, the noise of each 
noise source will be analyzed separately and represented by an 
equivalent noise resistance R n j at the input of the amplifier, then the 
total equivalent noise resistance will be given by 


R 


n 


m 



(2-13) 


For each source in the simple subtracter circuit the following 
equivalent noise equations were derived. For the thermal noise due to 
Rl, R 2 , Rj * and R 2 1 together 


*ni = 2R 1 


Ri ± Ra 
Ra 


(2-14) 


For the equivalent noise voltage (e n 2 ) of the op-amp 


R n2 


e n 2 

4lcT 


' Ri + Rg 


U 


J * 


(2-15) 


For the noise due to the equivalent input noise current of the op-amp 


R. 


n3 


2T - 2 
^n 

4kT 


Ri ‘ 


(2-16) 


The noise of the simple subtracter is at present limited to 
about 6 W2 (about 10 nv// Ilz ) by the equivalent noise voltage of the 
currently available low noise integrated circuit operational amplifiers. 
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Buffered Subtracter Circuit 

The most severe handicap of the simple subtracter circuit is the 
low input impedance. This can be eliminated by buffering the inputs 
with voltage followers [4] as in Figure 2-4. 



Figure 2-4. Buffered Simple Subtracter. 


The gain of each voltage follower can be shown to be 

-IL. = U + - i J 

V Ai + 1 { CMRi J . (2-17) 


The differential mode transfer function is given by Equation (2-18), if 
the circuit is matched. 



Ai + 1 


A2 

r 2 ] 

Ri + Ra 

^2 

i. 

Ri , i 

Ri + *2 1 J 


(2-18) 
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If 

A 

A 

■“H 

and 

Az » 

then 



Vo „ R z 

V d “ Ri . 


(2-19) 


The following error equations were derived for common mode 
rejection. For rnis-match in feedback resistors 

«- 2 « 

For finite CMR of op-amp 2 


cmr 2 = CMR A 2 . 

For gain mis-match of op-amps Ai and Ai 1 


CMR 3 



Ai , 


For finite CMR of op-amp A i 


( 2 - 21 ) 


( 2 - 22 ) 


CMRi, = CMR Al (2-23) 

For finite CMR of op-amp Ai* 

CMR 5 = CMR , (2-24) 

For gains below 100 the CMRR is limited by resistor mis-match a ' for 
gains above 100 by the CMR of the op-amps used. Matching of the input 
op-amps is necessary at high frequencies where the op-amp gain falls off. 



12 


The noise of the buffered subtracter includes all the sources of 
the simple subtracter plus the equivalent noise sources of the two input 
op-amps* The following equivalent noise resistances were derived. 

For noise due to resistors 


- au ( - ' r P - 


For noise due to op-amp A 2 noise voltage 

R n 2 ‘ 


T12 


AkT 


Ri ± Ra 


R 2 


-)• 


For noise due to op-amp A 2 noise current 


^n: 


2i * 

02 r, 2 

AkT Rl ' 


For noise due to op-amps Ai and A] ’ noise voltage 


R 


m* 


2e z 
ni 

4kT 


(2-25) 


(2-26) 


(2-27) 


(2-28) 


For noise due to op-amps Ai and Ai f noise current, where R s is the 
source resistance 


R 


ns 



AkT 


(2-29) 


Linear Gain Control 

A linear gain control can be added to the circuit of Figure 2-4 
with no degradation of CMRR and only slight increase in noise by adding 
an op-amp as in Figure 2-5. 
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Three Op-Amp Instrumentation Amplifier 

Another op-amp configuration [5] Incorporates gain into the input 
stage while at the same time providing single resistor gain selection. 
This circuit is shown in Figure 2-6. 



Figure 2-6, Three Op-Amp Instrumentation Amplifier. 

The differential output voltage of the first stage is given by 
Equation (2-33). 


Vi' - V 2 ' 


Vi Ai 
1 + Ai 

% 


V 2 A 2 
1 j A 2 


(% 


+ R-3 + R.3 


1 


1 + a 2 


(2-33) 


If the two input op-amps are matched the differential output For a 
common mode input is zero indicating that none of the other parameters 
affect the common mode rejection. Thus any mis-match between R 3 and 
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Ra' has a second order effect on common mode rejection. Assuming 
matched components the differential gain of the circuit is 


V 0 

f A1 1 

C R g + 2R3 1 

Vd 

l Ai + 1 J 

1 % 'J 


A ° br+jd 
A * hrnd + 1 . 


(2-34) 


If 


Ai 

» 

1» 


and 


a 2 

» 

1, 


then 

Vo 

~ f- 

R g + 

2R 3 

f f Rz ' 


Vd 

’ l 

R g 

j 

i R i J 


(2-35) 


The input circuit has a unity common mode gain giving a common mode 
rejection for the input stage of 


CMRinput * - Rg / — t (2-36) 

s 


This property tends to improve the effect of mis-matches in circuit 
components following the input stage. The unity common mode gain is not 
to be confused with common mode to differential mode transfers 
attributable to component mis-matches . The following common mode error 
equations were derived. For R 1 /R 2 mis-match 


R 1 /R 2 1 


I<2 + R\ 1 f + 2Ra 

ARi/R 2 J 


R i J 1 R g J 


CMRi 


(2-37) 
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For finite CMR of op-atnp hz 


CMR2 


cmr Az 


Rg + 2 P .3 


R« 


(2-38) 


For op-amp Ai and Ai ' mis-match 


CMR 3 



Ai 


(2-39) 


For finite CMR of op-amp Ai 


CMR 1 , = CMR Al , 


(2-40) 


For finite CMR of op-amp Ai , 


CMR 5 = CMR A j 1 


(2-41) 


The following noise equations for this configuration were 
derived. For thermal noise of Rg, R 3 and R 3 ' 


Rni = 


2Ra Rg 


R g + 2R 3 

For thermal noise of Ri, Ri ' , R 2 and R 2 1 


(2-42) 


R112 ~ 2 Ri 


/ ^ 
1 ^ R1 


1 + r 2 

*ls ^ J 



R 0 


l Rg + 2R3 J 


(2-43) 


For noise of op-amps Ai and Ax' where R s is the source resistance 


R + - 2 en -i 2 + 2i ni 

n 3 T 4kT + 4kT 


(R s 2 + Rs 2 ) 


(2-44) 
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for noise of op-amp Az 




(2-45) 


To turn Pole Instrumentation Amplifier 

Another configuration [5] of interest because of its simplicity 
is the two op-amp "totum pole" circuit of Figure 2-7. 



Figure 2-7. 


"Totum Pole" Instrumentation Amplifier. 
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The exact expression for the output volte 3 of this configuration 


is 


V 0 


Ai 


-< | Ai Ri 


1 + Ri + R 2 , 

V 



JL ,! 

CMRAi. 


Vi 




R 2 Ai* 
Ri + R 2 



Rg* 

+ Rg’ J. 


(2-46) 


For the differential mode this reduces to 


Vo 

Vd 


1 + 


R?. 

Ri . 


(2-47) 


The following CMR equations were derived from Equations (2-46) and 
(2-47) . For error due to finite gain of op-amp k\ x 


CMRi 


Ai* Rz 
Ri + R 2 . 


(2-48) 


For mis-match in resistors 


CMR 2 


Ri 

Rz 





Ri + R 2 

r i J 


(2-49) 


For finite CMR of op-amp k\ 


- cmr A i . 


CMR 3 


(2-50) 
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For finite CMR of op-amp Ai ' 


CMRm - CMR Al • . 


(2-51) 


A one resistor gain control can be added to the circuit by the 
addition of Rg as shown in Figure 2-7. Then the gain changes to 


Z°_ . x ^ + .J&U . 

Vd Ri Rg 


(2-52) 


The common mode gain does not change, however, resulting in a higher 
CMRR given by CMRR' . 


CMRR' = CMRR + 20 log (1 + ~§ — [Ri||R z ]). (2-53) 

K S 

Notice that the voltage output of op-amp Ai 1 is higher than the 
common mode input voltage by a factor of (Ri 4* R 2 )/R 2 * This fact 
restricts the common mode input swing for low gains. 

The following noise equations for the amplifier were derived. 

For thermal noise of all resistors including Rg 

Rm « • (2-54) 


For noise of op-amps 


Ri 


na 


41tT 


Z1 n 

4kT 


Rs‘ 



(2-55) 
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Bipolar Input Ins truroentatlon Amplifier 

The bipolar transistor differential amplifier operated oven loop 
with unbypassed emitter resistance has been used [6], [7] as an 
instrumentation amplifier. The roost basic circuit is that of Figure 2-8. 



Figure 2-8. Bipolar Differential Instrumentation Amplifier. 

If R e - R E + r e 

and if the circuit is balanced, then 

Vo a Rg 

Rg . 


Vd 


(2-56) 
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The CMR error equations are as follows : 
For mls-match in R e 


CMRi 



Res 

Re 


+ 1 


* 

* 


For rois-match in source resistance 


CMR 2 
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Res 

Rs 


For mls-match in transistor beta 


CMR 3 
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Res 

Rs 


(2-57) 


(2-58) 


(2-59) 


For mis-match in feedback resistors 


CMR 4 


RiIIr? | Res 
Ai*i 1 R e . 


(2-60) 


For error due to transistor output resistance mis-match 


CMR 5 


r ce ) 3 r oe 

. Ar ce J R e 


For r c b mis-match 


CMR 6 


r cb r cb 

Ar c b J R e 


For the error due to a finite CMR of the op-amp 


CMR 


™A 


R cs 

Re 


(2-61) 


(2-62) 


(2-63) 


For low distortion the value of R e should be at least 100 
times the value of the emitter dynamic resistance re [8]. 
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The hybrid~7r noise model for the bipolar transistor is shown in 
Appendix A and the basic analysis of the bipolar transistor noise is 
presented there. 

The noise equations for the circuit of Figure 2-8 are as 
follows : 

For the noise due to the base spreading resistance r^ of the transistors 


^ni 2r^« 

For noise of both emitter resistors 

^n2 = 2R c . 

For the collector shot noise of both transistors 


R 


n3 


r G 


2 R s 

r e + T R e + nr 


For the base shot noise of both transistors 


(2-64) 


(2-65) 


( 2 - 66 ) 


Rn4 


— ~ (r e + 2R e + R s ) 2 . 


(2-67) 


For the noise of Ri, R 2 , Ri ' and R 2 ' 


R, 


2Re 2 


ns 


Ri R2 


(2-6S) 


For the noise of the op-arop 


*n e 


e n 2 

Rs + Ri 1 

1 

[ Re 1 

4kT 

Ri 

\ > 


I R 2 J 


2in 2 

4kT 


Re 2 


(2-69) 
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The noise is dominated by the large value of emitter resistor required 
to give low distortion. For this circuit both common mode rejection and 
noise performance are Improved by lowering the value of R e at the 
expense of linearity. 

It has been shown [8] that the magnitude of the third harmonic 
distortion component of the bipolar differential amplifier can be 
approximated by 


HD 3 


q ) 2 Vd 2 • 100% 

kT J 48 (1 + R e /r e ) 3 . 


(2-70) 


when the expression for the transistor diode static Volt-Ampere 
characteristic is 


i* 

q Vbe ) 

exp 

l kT 



(2-71) 


where I c = 
Vbe - 

q = 
Is = 
Vd = 
and r e = 
If the input 
must hold. 


collector current in amperes, 
base-emitter voltage in volts, 
electron charge, 

reverse diode saturation current, 
differential input voltage, 
diode dynamic resistance. 

stage dynamic range is not to be exceeded, Inequality (2-72) 


Vd < I 2R e . 


(2-72) 


Recalling that 


= 


Re + r e» 


(2-73) 
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and that 


r e “ qf“ . (2-74) 

Equations (2-71), (2-72), (2-73), and (2-74) can be combined to give 

HD 3 _< -jj- x 100%. (2-75) 

For a resistance ratio of 100:1 the distortion would be about 0.083%. 

The resistance ratio should therefore be held to a ratio of about 
100:1 for low distortion. If 


V d « 2R e I, (2-76) 

then 

HD 3 = “r — - X 100%. (2-77) 

This indicates that less distortion is obtained for a fixed input at 
high bias currents, however, the noise performance may be degraded 
for high currents. 

Bipolar Input With Single Resistor Gain Selection 

A slight modification of the circuit of Figure 2-8 yields single 
resistor gain selection as shown in Figure 2-9. If 

R g = R g f + 2r e , (2-78) 


Reg 


OQ 




and 
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then the gain Is given by 



cc 


Figure 2-9. Open Loop Bipolar Instrumentation Amplifier With 
Single Resistor Gain Selection. 

The third harmonic distortion is given by 

HD 3 £ -jj- x 100%. (2-80) 

The common mode error equations are as follows: 

For error in current source output resistance matching 

( ^cs ( 2Rcs 

l AR cs J l Rg , 


CMRi 


(2-81) 
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For transistor mis-match in emitter dynamic resistance 


CMR.2 ** 


2R CS 2 

r e Rg 


For mis-match in feedback resistors 


Rl I i Rg 2 R cs 

A(Ri| |R 2 ) I R g 


For finite CMR of op-amp 


CMR 4 = cmr a 


For mis-match in transistor beta 


CMR 5 55 


For mis-match in source resistance 


CMR 6 = 


For r ce mis-match 


CMR 7 = 


For transistor base to collector resistance mis-match 


CMR 8 = 


r cb 2Rpb 
■^ r cb , 


The noise equations are as follows: 


For thermal noise of Ri, R 2 > Ri T 3 if Ri 1 as and R 2 * - R 2 * 
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*ni 


R* 


2(Ri| |R?.) 


(2-89) 


For op-amp noise 


R. 


en 


n2 


2kT 


f 5 

l 4(Ri 


V 


|R2)‘ 


L n 


4kT 


_L. R 2 
2 R e 


(2-90) 


For thermal noise of Rg' 


R ns - R e'» 


(2-91) 


for noise of current source, 


R. 


i-n 


■ni) 


4kT 2R 8 


(2-92) 


For collector shot noise of the transistors 


Rns - 


-i- ( 

r e [ 


r e + u 


Rg , R S 


(2-93) 


For base shot noise of the transistors 


R n 6 = < r e + Rg + R s ) 2 - (2-94) 

For noise of base spreading resistance 

K n7 - 2r b . (2-95) 

The total noise is dominated by the thermal noise of Rg f for low 
distortion operation. Care must be taken in designing the current 
sources to insur 1 high output impedance and low noise* For high 
values of Rg the noise of the current source could be dominant. 
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Bipolar Input With Current Mirror 

Another modification of the basic bipolar differential amplifier 
uses a current mirror to replace resistors Ri and Ri ' as in Figure 2-10. 



Figure 2-10. Bipolar Instrumentation Amplifier With Current 
Mirror. 


The common mode error equations are as follows: 
For Qa Beta mis-match 


CMRi 


3a 1 2&2 R cs 

A3z J Rg 


For finite beta of Q 2 


R 

Ho 


CS 


(2-96) 


CMR2 


§2 

1 


(2-97) 
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For Q2 emitter resistance mis-match 


CMRj = 


f r e ] 2R, 

. Ar e J 2 R i 


os 

e 


(2-98) 


For mis-match in R2 


CMR4 - 


Rz 


Rz 

AR2 J R e 


2 R 

~R e 


cs 


(2-99) 


For finite CMR of op-amp 


cmr 5 = cmr a 


2R 

R* 


cs 


(2-100) 


For Qi emitter mis-match 


CMR 6 = 


r e 


Ar e 


2Rcs 2 
r el Rg 


(2-101) 


For current source mis-match 


CMR 7 




R, 


cs 


AR 


cs 


2R 

“Ro 


cs 


(2-102) 


For r C e mis-match of Qi 


CMRo 




■cei 


Ar 


cei 


2 6 r ce 
Re 


(2-103) 


For r cb mis-match of Qi 


CMR9 


■ (- 


r cbi 
Ar cb i ; 


Rr cbl 


Ro 


(2-104) 
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For Q) beta mls-n:atch 


CMRi o 


B] 2Bi Res 
Alii ] Rg 


(2-105) 


For source mis-match 


CMRi i = 



2B R 


cs 


Rc 


(2-106) 


The noise equations are as follows: 
For thermal noise of R 2 and R 2 ' 


R 


ni 


IbL 

2Rz 


(2-107) 


For thermal noise of Rg 


R. 


a 2 


= R 


g* 


(2-108) 


For collector shot noise of Qi and Qi* 


Rn3 



(2-109) 


For base shot noise of Qi and Qi* 


RU4 


1 


“ Rg d* Rg) * 


(2-110) 


For noise of current source 


R, 


‘•n 


■ns 


4kT 


2Ro 


( 2 - 111 ) 
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For noise of op-amp 


Rn6 


ert 2 R g 2 . 21 n ? R g 2 

4kT _ 4U? 4kT 4 


( 2 - 112 ) 


For base and collector shot noise of Q 2 and Q 2 1 





(2-113) 


The noise is dominated by the noise of Q 2 and Q 2 1 and is excessive being 
in the range of 250 kQ (63 nv//Hs ). The noise of the current mirror 
can be lowered by adding emitter resistors to Q 2 and Q 2 f 5 however, this 
new modified configuration would have the same characteristics as the 
circuit of Figure 2-9 (p. 25) and would have more noise than that 
circuit, therefore, the current mirror is not recommended for a 
low noise amplifier design. 


Bipolar Input With Feedback 

Another bipolar circuit proposed [9] uses feedback into the 
emitter circuit as in Figure 2-11. The differential gain of this 
circuit can be shown to be 


A d 


1 + 


R2_ 

Re 


(2-114) 


The common mode equations for the dominant sources of common mode 
error are as follows: 

For mis-match in collector resistors 



A d * 


CMRi 


(2-115) 



Figure 2-11. Bipolar Amplifier With Feedback. 


For mis-match in feedback resistors 


CMR 2 - 



Ad- 


For transistor emitter mis-match 


CMR 3 




+ 1 . 


For transistor beta mis-match 


CMR 4 




Ad. 


This circuit exhibits very poor common mode rejection. 
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The noise analysis yields for the dominant noise sources, 
the following; 

For thermal noise of Rz, R 2 S % an{ * Re' 

Rni = 2U E I | ' (2-119) 


For noise of Rj and Ri ' 


R nj 


2(2R e ||Rz/2) : 

— 


( 2 - 120 ) 


For collector shot noise of two transistors 


R n3 - 


r e + 


2 R eI | r = /2 , Rg 


( 2 - 121 ) 


For fc*\ce shot noise of the transistor 


V = < r e + 2r E || ?2/2 + R s) Z - (2-122) 

The total noise of this circuit is comparable to the noise of the other 
bipolar input circuits. 

Amplifier Comparison 

The equations presented previously can now be used to compare the 
relative merit of each circuit. Each circuit was analyzed for the same 
gain, bias, component matching tolerance and source resistance. This 
comparison is valid for one set of conditions only; however, all the 
circuits are characterized by Increases in CMRR and/or decreases in 
noise for corresponding increases in gain, improvement in component 
matching, and reduction in source resistance. Therefore, the comparison 
presented here should prove useful. 
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Parameters for each circuit are chosen to give a differential 
gain of 100, harmonic distortion less than 0.1%, source resistance of 
100 ft, source resistance mls-match of 10 ft, resistor matching of 
1.0%, matching of all transistor parameters to 1.0%, op-amp gain 
matching of 1.0%, an op-amp gain greater than 10,000, and op-amp 
CMRR of 100 dB. 

Table 11-1 presents the calculated CMRR and equivalent noise 
resistance of each circuit indicated by the appropriate Figure number. 


TABLE II- 1 

Noise and CMRR Comparison of Several 
Instrumentation Amplifiers 



Figure 

CMRR (dB) 

Rn (k£2) 


2-1 

77 

8.2 

2-4 

80 

18.4 

2-5 

86 

12.2 

2-6 

86 

12.2 

2-7 

80 

15.2 

2-8 

108 

10.3 

2-9 

107 

37.0 

2-10 

107 

243.0 

2-12 

72 

37.0 




CHAPTER XIX 


A NEW APPROACH 


Introduction 

The purpose of this chapter shall be to set down the general 
ideas for Improving the performance of differential amplifiers, to 
present one method of improving noise and common mode rejection and to 
outline a circuit capable of realizing these improvements. 

The General Circuit 

The input device for a differential stage can be represented by 
the model of Figure 3-1 (a) for low frequencies. The device will have 
an input resistance transconductance gm, output resistance r 0 , and 

input to output resistance r^ Q . 



Figure 3-1. Basic Device Model »-• 
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The symbol of Figure 3-1 (b) will be used to represent the general input 
device* The circuit for the general differential amplifier is shown 
in Figure 3-2* 



Figure 3-2* General Differential Amplifier* 

This circuit allows for single resistor gain selection by setting R g 
to give desired gain* I\ cs and R cs ’ are used to simulate required 
current sources* Substituting the general device model into the 
circuit of Figure 3-2 and solving for the differential and common mode 
gains the following results are obtained. For the differential 
gain 


Ai 


o 


1 


+ 


1 


Vd 


% 

2 


gm . 


(3-1) 
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For the common mode rejection factor due to mis-match in device 
trans conductance 


CMRl - (-Hr) Sm(r 0 ||R cs ). (3-2) 

For mis-match in device output resistance 

cm z S -J~-j r 0 gtn. (3-3) 

For mis-match in device input resistance 

' x-i ) 2 

CMR 3 £ -TTT — g» r in (r 0 ||R cs ). (3-4) 

For mis-match in device input to output resistance 

CMR 4 B [“?“ •) gm 2 r io . (3-5) 

“10 J K g 

For mis-match in source resistance 

C “ R! S (t^-J “57^- ^ r i» 2 (r ollW- «-« 

For mis-match in current source output resistance 

™ Et = ("A^r) R cs- C3- 7 > 


These approximations are subject to the assumption that r^, r 0J and 
R cs are much larger than Rg, R s , and l/gm. This poses the restriction 
that Rg must have a relatively small value (typically less than 10 kf2) . 
Notice that increased common mode rejection can be obtained in every 


case by increasing the relatively high resistances (r-^ n , r Q , R cs ) 
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and decreasing the relative ly small resistances (Rg^ 1/gtu , Rg ) providing 
parameter matching can be maintained . The common mode rejection can 
also be improved with better component matching. 

For low distortion in a circuit of this type the resistance Rg 
should be kept at least 100 times greater than l/gm [8], This causes 
the input differential voltage to be impressed across Rg causing a 
current I to flow. This current is limited to the value of the 
quiescent bias current. Assuming that the differential output current 
of the stage will be transformed into a single ended output voltage and 
that the input r .age should not saturate before the output reaches its 
maximum swing, the value of R g is limited by the expression 


% > 


'o max 


Ad I c 


(3-8) 


where V 0 max is the maximum output voltage swing, is the differential 
gain, and Iq is the input stage bias current. In most applications this 
restriction will cause Rg to be the dominant source of electronic 
noise for low values of gain. The noise resistance of an amplifier in 
which Rg is the dominant noise source would be given simply by 

R n * V (3-9) 


This limitation would hold in most cases until the value of Rg became 
less than about 1000 f 2 to 500 ft, A decrease in Rg will dictate an 
increase in bias current to maintain dynamic range and an increase in 
transconductance to maintain low distortion. Fortunately an increase 
in current is consistent with an increase in trans conductance in both 
the bipolar and field effect transistors. The increased current is 
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consistent with lower noise in the FET but not necessarily so with 
the bipolar transistor* 

The most advantageous parameter change in the input device for 
low noise and high common mode rejection would be to increase the 
transcondu^tance allowing lower values of Rg and therefore lower noise 
while at the same time increasing common mode rejection as predicted 
by Equations (3-2) through (3-7)* 

A composite ir it device has been proposed [2], [3] to solve the 
distortion and common mode rejection problems simultaneously* In these 
circuits several bipolar devices are connected together to obtain a 
composite device of very high transconductance and very high output 
resistance, The common mode rejection obtained with these circuits is 
excellent; however, the circuits are biased at low currents requiring 
high values of Rg to avoid saturation of the input stage. The noise 
performance is therefore limited. 

From the previous discussion the FET would seem to be the ideal 
input device. It has very high input resistance, low noise for high 
current, and very low equivalent input noise current. FET's do how- 
ever have a relatively low transconductance, low output resistance, 
and are generally more difficult to match than bipolar transistors. 
Therefore, let us consider a composite device with an FET input stage 
to achieve low noise, high dynamic range and high common mode re- 
jection all in one circuit. 

The Composite Input Stage 

To first understand the concept of a composite input stage the 
circuit of Figure 3-3 is helpful. The op-amp causes the input voltage 
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Figure 3-3, Precision Voltage Controlled Current Source* 

to be matched by a similar voltage at the top of the resistor R s 
causing a current i 0 « Vi n /R s to flow* This current must flow through 
the FET to the output. The output resistance of this circuit is 
approximately equal to the FET input resistance [9]* The op-amp and 
FET above form a composite input device with a transconductance of 

Gm = A gm. (3-10) 

Two of these devices can be combined to form a differential input stage 
as in Figure 3-4- Using dual monolithic op-amps, common mode re- 
jection can be achieved with this circuit equivalent to the common mode 
rejection of the op-amps alone; i.e,, approximately 100 dB. The noise 
is dominated by the op-amp noise and is limited to about 12 ki 2 noise 
resistance using an RC4136 quad op-amp. 



u 



-V 

cc 


Figure 3-4> Precision Differential Input Stage. 


A low noise input stage can be added to this circuit giving a 
new composite device as shown in Figure 3-5. The composite device 
model parameters for this circuit using the model of Figure 3-1 (p * 35} are 


gm = gnu 

Rj A gm 2 , 

Oxl) 

r o = 

r ds2 

(3-12) 

r io 

^ 03 

J 

(3-13) 

r in ~ 

r gsl • 

(3-14) 


As pointed out in Equation (3-7) a the matching of current sources is 
important in achieving high common mode rejection* If the polarity of 
the output transistor is changed and this transistor turned around 




Figure 3-5. Low Noise Input Circuit, 

the current source can be eliminated as shown in Figure 3-6* This 
configuration was chosen as the input stage for the amplifier to be 
developed in this study. 
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+V 

cc 



Figure 3-6. Low Noise, High Common Mode Rejection Input Stage. 


The Output Stage 

Several methods have been proposed to transform differential 
current signals intc single ended output voltages [2], [3], [6], [9]. 
The simplest of these circuits is illustrated by Figure 3-7. For an 
amplifier input common mode voltage swing to within 80% of the negative 
power supply, the two inputs of in Figure 3-7 must be biased at a 



voltage at least 80% of the negative supply. Minimization of the 
amplifier noise requires relatively low value resistors for Rf 
(typically 2500 ft) and the maximum value possible for R and R' . 
However, if the two inputs of A 2 are at -0.8 VCC then high bias 
currents If and If' must flow through R and R 1 along with high input 
stage bias currents 1^. Therefore by Ohms law the values of R and R 
are low (typically 400 ft) limiting noise performance. The bias 
current If also could cause unwanted heating of the op-amp chip and 
restrict output voltage swing. 



Figure 3-7. 


Simple Output Stage. 
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An Improved version of the circuit in Figure 3-7 uses two current 
mirrors to turn the differential current around allowing large resistors 
for R and R 1 while eliminating the required bias current from the out- 
put amplifier. This circuit is shown in Figure 3-8. The current 
mirrors used [10] have very good current matching between input and 
output, very high output resistance and excellent linearity. 

Another modification to the circuit of Figure 3-8 yields an 
extra degree of versatility in that two new control input terminals are 
created, [11] termed "output reference" (usually tied to the output 
circuit ground) and "output sense" (usually tied to the output terminal). 
This circuit is shown in Figure 3-9. 



Figure 3-8. Output Stage With Current Mirrors. 
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Figure 3-9. Output Stage With Sense And Reference Terminals* 


This circuit again requires the inputs of A 2 to be biased to at least 
80% of V C c supply voltage, although there is no bias current required 
from the output of A 2 . 

The Complete C ircuit 

The circuit offering the best overall performance as suggested by 
this study appears in Figure 3-10. The output stage was chosen to 
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Figure 3-10. Flew Instrumentation Amplifier. 
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eliminate the need for operating the inputs of A 2 at high bias 
voltages. The circuit will be analyzed and component values assigned 
in subsequent chapters. The differential mode gain of this amplifier 
is given by 

2 Rf , 

Ad = — r-'— . (3-15) 

R S 



CHAPTER IV 


NOISE ANALYSIS OE THE NEW INSTRUMENTATION AMPLIFIER 
Introduction 

In this chapter the dominant noise sources of a specific 
implementation of the new low noise instrumentation amplifier 
configuration will be quantitatively discussed and the circuit 
parameters will be optimized for minimum noise* 

The Basic Parameters 

There are four parameters of the amplifier in Figure 3-10 
(p. 47) affecting electronic noise. These are maximum output voltage 
range, maximum input coiimnn mode range, input stage bias current and 
amplifier differential gain. For a quality op-amp the output 
range approaches the supply voltage that is 

V 0 max * + V cc . (4-1) 

The input common mode range is limited approximately to the Qi drain 
voltage in the positive direction and to the Q 2 drain voltage in the 
negative direction. 


v Dz 1 v cm 1 V Dl# (4-2) 

These voltages are controlled by the values of Ip, V cc , Rp . 
that 


V Di ” V cc ~ X D R Di , 


». * . 
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and 


v D 2 = -Vcc + 2v be + Id R e* (4-4) 

The values of Rq and R e can now be defined in terms of the basic 
parameters. 


Rr 


Vcc - Vcm max 

Id 




Vcc - Vcm max - 2 ^be 
I D 


(4-5) 

(4-6) 


Rg should he minimized to achieve the lowest noise; however, its value 
is limited to some minimum value if the input stage is not allowed to 
saturate before the output voltage clips. This minimum is given by 


Vq max 

R S - Ad I d , 


(4-7) 


where is the differential gain. The value of Rg is thus limited 
by three of the major parameters. 

R and R' are selected to set the inputs of A2 near zero volts. 


R 


V cc 


(4-8) 


Rf is defined to make the output voltage reach its limit just 
as the input stage saturates. 


R f 


Vq max 

2I D , 


(4-9) 


The transconductance of the input FET’s is approximately 
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/ld~ . (4-10) 

The noise of Q* is directly related to the transconductance and will 
be discussed in detail later* 

Now all the amplifier parameters affecting noise have been 
defined in terms of four major parameters* The noise performance will 
later be optimized with respect to these parameters and the design 
trade-offs will be defined* 

Noise of Input FET 1 s 

The amplifier will have an absolute minimum noise limited by 
the noise of the input transistors selected* This minimum noise due to 
each FET is 


gnu - 


i 2 /id 


SB 



( 4—11) 


where Tj is the transistor chip temperature , T a is the ambient 
temperature, and C is a factor varying between one and two depending on 
the particular process used to make the transistor [12], [13], 

Normally the temperature ratio is unity; however, at high bias currents 
and voltage, device heating can cause an increase in output noise* The 
chip temperature is given by 


Tj = T a + 0ja I d V ds , (4-12) 

where 0ja is the thermal resistance between chip and ambient, and 

V ds is the drain to source voltage* If the FET's are operated near 

Id ss for minimum noise, Vds will be approximately as in Equation (4-3). 



The transconductance is also dependent on temperature and 
varies as the fourth root of temperature [13], for Ij near Idss 1 


gm = 



(4-13) 


The noise of two transistors Qi and Q 1 1 in the same package can then 
be written in terms of the major parameters. 


R. 


ni 


= 2 


1 + 


6ja 2Id Vd 

Ta 


’j 1,2 5 

f 2 T-d ss ) 

j 

i v p j 




' (4-14) 


Other Noise Sources 

Using common circuit analysis techniques the other significant 
noise sources were found to be given by the following: 

For noise of Ai and Ai 1 


*n 2 




e nai 2 

4kT 


(4-15) 


For noise of R 


g 


3 “ ^g * 


(4-16) 


For noise of and R^’ 


R n4 = 2 Rj 


P 


+ _L 

2 gm 


(4-17) 


For noise of all four resistors R e 
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019 ) 


(4-20) 


All these noise sources can be rewritten in terms of the four major 
parameters V cc , V cm max, and A<j. 

At this point a computer becomes handy in that all the noise 
sources and the total noise can rapidly be evaluated relative to the 
four major parameters* 


Evaluation 

Using specifications of the 2N5565 dual monolithic FET for 
Q] and Qi T and typical low noise op-amp specifications (see Appendix B) 
Figure 4-1 shows the predicted equivalent noise resistance of the 
instrumentation amplifier of Figure 3-10 (p. 47) as a function of 
Ad and with V CTTl max and V cc fixed. The noise has a minimum value 
for each gain within a narrow band of drain currents between 3 tna and 
4 ma. 

For a given gain this minimum noise changes with V cm max as 
shown in Figure 4-2. Figure 4-2 indicates an engineering trade-off 
between noise and available common mode range. 

A bias current of 3 ma would give low noise for a range of 
gains according to Figure 4-1- Using this hi Figure 4-3 gives the 
predicted noise as a function of gain. 
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Id (mA) 


Figure 4-1. Equivalent Noise Resistance as a Function of 
Drain Current and Gain for the Circuit of 
Figure 3-10 (p. 47). 
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Figure 4-3. Equivalent Noise Resistance as a Function of Gain 
for Circuit of Figure 3-10 (p. 47). 



CHAPTER V 


COMMON MODE ANALYSIS OF NEW INSTRUMENTATION AMPLIFIER 
Introduction 

Tlie basic sources of common mode error are discussed and a 
simple method for reducing the effect of these 1 errors is presented. 

A technique for trimming the circuit to minimize common mode gain Is 
proposed. 

Basic Error Sources 

The sources of common mode error in a differential amplifier 
were discussed in Chapter III (pp. 35 ,48) , A composite input 
circuit was proposed to reduce these sources of error mainly by in- 
creasing the effective transconductance. Using the Equations of 
Chapter III and the parameters of the composite device listed in 
Equations (3-11) through (3-14) (p. 41), the common mode rejection 
should be very high, about 150 dB for low frequencies. However, the 
analysis of Chapter III did not include error effects inside the 
composite device. Including these effects, the primary source of 
common mode error becomes the non-infinite drain-source resistance of 
the input transistor. 

There are three effects on common mode rejection. Common mode 
input signals generate an error current in each side of the input 
stage, 

I error = ^2— (5-1) 

r d Sl * 
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The degree of match between these two error currents and their 
magnitude govern the common mode rejection as follows: 


and 


CMRi » 

r r dsi ' 

r dsi 

gnu , 

(5-2) 

l Ar dsi . 

cmr 2 = 

mi 

Ag mi J ^ 

r ds i 

gnu , 

(5-3) 

cmr 3 = 

f Rd) 

l AR d J 

i 

gnu . 

(5-4) 


The effect due to mis-matches in R^ is not a direct effect, A mis-match 
in will cause mis-matches in the transistor bias current causing 
differences in transconductance. 


. Agm_i ' 

’ _ 1 

A R d ) 

gnu J 

2 

[ R d J 


(5-5) 


The prime on the first term in Equation (5-5) is to distinguish it from 
the trans conductance error at equal bia^ currents. This effect could 
be used to advantage in that an error in transconductance could be 
compensated by a negative error imposed by an appropriate trimming of 
Rd ■ 

Since all the common mode factors are proportional to rjg l , the 
most effective method of increasing common mode rejection would _be to 
increase Rdsi* A cascode circuit has been proposed [14] to accomplish 


an improvement in CMRR. This same technique can be used with the 
composite device as illustrated by Figure 5-1, where Qi of Figure 3-10 
(p. 47) has been replaced by two FET*s. 
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D 



Figure 5-1. Cascode Input Transistor. 


The output resistance of this cascode circuit Is approximately 


= ^ r ds3 § m 3 ) r dsi • 


(5-6) 


The common mode factor equations then become 


and 


CMRi = 

L JLoi 

1 emi r 01 , 

(5-7) 

I •— 4 

O 

u 

K 

CMRa = 

emi 

. Agmi , 

8 m l r 0 j j 

(5-8) 

f * 1 11 I 

R d } 

2gmi r 0l , 

(5-9) 

CMLvg “ 

AR d J 


An exact analysis reveals three other sources of error that 
become important at higher frequencies where the op-amp gain decreases. 
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CMRi) 



2gmi R d Ai . 


(5-10) 


CMRs 

CMR 6 


Ai 

AAi 


R d 1 


AU,: 


R„ R d Al * 



R d Ai. 


(5-11) 

(5-12) 


Notice that CMR 5 and CMR 6 depend on Rg and therefore vary with gain. 
These equations can be combined with Equations (5-7) through (5-9) to 
form four common mode factor equations that describe the dominant 
sources of common mode error. These are 


CMRi = 


Ar, 


- 01 

ol 


gnu r 01 , 


(5-13) 


CMR? 




-MIL 


Agmi 


(gnu r Q , + 2gmi R d A] ) , (5-14) 


cmr 3 = 


f R d ; 

. A R d J 


|2gmi r 0l + R d AiJ , 


and 


CMRit = 


Ai 


l AAi J 


U 

I 


R d Ai 


(5-15) 


(5-16) 


The complete circuit diagram for the new instrumentation amplifier 
now appears in Figure 5-2 with component values given for optimum 
noise and CMRR performance. The common mode rejection ratio predicted 
by Equations (5-13) through (5-16) is plotted in Figure 5-3 versus 
frequency* The op-amp Ai is assumed to have a gain bandwidth product of 
3 MHz, Qj and Q 3 are assumed to be 2N5565 transistor pairs biased at 
a drain current of 3 mA, All component matching is assumed to be 5%* 
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A Problem With The Caacode Circuit 

It should be pointed out that the input transistor operates 
at a drain-source voltage equal to the source-gate voltage of the 
cascode transistor . Obviously the circuit cannot be operated at 
currents approaching the Itfss of, the cascode transistor . 

The cascode circuit adds a noise source equal to 


^nc 


1 1 2 1 

r dsi gm 3 + 1 j 3 gm 3 . 


(5-19) 


The factor in parenthesis is very small if Qi is biased at sufficient 
voltage to keep r<j si high. This requires a voltage of at least 2 
volts. The pinch-off voltage Vp of the cascode transistor must thpn be 
greater than two volts; In fact, the cascode transistor must be 
specified such that 


Ad ' 

Pdss , 


V p _> 2V 


(5-20) 


to insure that the noise and CMRR are not limited by biasing Qi in the 
triode region. 

In the circuit of Figure 5-2 it is assumed that Az does not 
limit the bandwidth or compromise the noise. Typically, an LM-118 
op-amp or equivalent would be used for A 2 . 



CHAPTER VI 


EXPERIMENTAL RESULTS 


Introduction 

Results of experimental tests on the instrumentation amplifier 
of Figure 5-2 (p.61 ) are presented in comparison with predicted 
results. The limitations on further improvements are pointed out. 

The Circuit 

A dual monolithic FET pair 2N5565 was chosen as the input and 
cascode transistors. The transconductance of two devices was 
measured and found to be approximately 

gmi = 0,18 /Tj\ (6-1) 

The noise for each FET above 1000 Hz was also measured to be 
approximately 




JL 2.0 

3 gnu 


( 6 - 2 ) 


for Tj = T a . The cascode transistor was found to add very little 
noise to the circuit and did not decrease gnu. 

The op-amps Ai and Ai* were quad monolithic RC-4136 amplifiers. 
The noise of these devices was measured at 10 nv/v'H^ above 1 KH^., and 
gain bandwidth product was 3.2 MHz. Transistors Q 2 and Q 2 T were un- 
matched 2N5462 P channel FETS. The current mirrors were CA3183 NPN 
transistor arrays 3 with betas measured to he approximately 90. 

The output op-amp was a TP-1322 high speed amplifier. All 
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resistors were 1% metal film* The circuit was biased to allow 
+ 12 V common mode swings and the drain current was 3 mA. 

Amplifier Noise 

Figure 6-1 indicates the measured amplifier input noise above 
lKHz versus gain along with that predicted by the Equations in Chapter 
IV. Figure 6-2 shows the measured input noise spectral density as a 
function of frequency for gain of 20 and 100* 

Common Mode Rej ection 

The common mode rejection ratio was measured for three cases, 

1. without cascode transistors, 

2. with cascode transistors, and 

3. trimmed for maximum CMR. 

Figure 6-3 is a plot of measured and and calculated CMRR for all three 
cases at a gain of 100, The CMRR is proportional to gain above the 
3dB breakpoint; that is, if the gain is reduced 10 dB the CMRR will be 
reduced 10 dB. Gain does not affect CMRR below the 3 dB break point. 

Other Characteristic s 

The gain of the amplifier was found to be within + 0,5% of the 
predicted gain of 

2R f 

A d - (6-3) 

R g . 

The gain had a usable range from 0.1 to 1000 by changing Rg. Gain 
nonlinearity was estimated to be less than 0.5%* Output dynamic range 


was measured to be 
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Figure 6-1. Amplifier Noise Resistance Versus Gain for 
Frequencies Above 1000 Hz. 
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Figure 6-2. Amplifier Noise Spectral Density. 
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-12V < V Q £ 13V . (6-4) 

The small signal rise time was measured as 

T rs = 110 ns, (6-5) 


giving 


BW S « 3.18 MHz, 


for an overshoot of 30%. The small .signal bandwidth was therefore 
limited only by the gain bandwidth product of Ai and Ai'. For an 
output square wave going from -10 volts to +10 volts the large signal 
rise time was measured to be 


T r s £ 6 Ms . (6-6) 

The input offset voltage was measured to be 

V os = 17 mv (6-7) 

and was primarily due to input transistor matching. The temperature 
dependent drift should also be dominated by input transistor drift. 



CHAPTER VXX 


DISCUSSION AND CONCLUSIONS 

Analytical studies presented in previous chapters demonstrated 
the inability of commonly used instrumentation amplifier circuits to 
give high common mode rejection, low noise and low distortion 
simultaneously. The limitations were outlined, and methods were 
demonstrated to improve both noise and common mode performance. A 
new amplifier was developed and evaluated. The tests indicate that ' e 
analysis presented accurately described the physical phenomena. 

As a result of this study the new amplifier of Figure 5-2 
(p. 61) has lower noise and higher CMRR than any instrumentation 
amplifier now commercially available. This amplifier does, however, 
lack the convenience of the monolithic instrumentation amplifiers 
such as the Analog Devices AD-521. The usefullness of the amplifier 
could ue improved if a hybrid version were built allowing a smaller 
size and better temperature tracking of resistors, Table VII-1 is a 
comparison of the new amplifier with a few quality Ins trumentation 
amplifiers currently available. The noise is 10 Hz to 10 KHz input 
referred, and CMRR is at 60 Hz. Differential gain is 100 V/V. 

The speed and noise performance of the new amplifier could 
be improved if low noise high speed discrete transistor circuits 
were substituted fee the op-amps. This would further complicate the 
circuit, however * making the component matching problem more difficult. 
An ultimate performance instrumentation amplifier could be built using 
the general ideas of this study if several very carefully matched 
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TABLE VII-l 

Comparison of New Instrumentation Amplifier 
With Commercially Available Units 
for Gain of 100 



Manufacturer 

Model 

CMRX (dB) 
@ 60 Hz 

e n (JJV) 
10Hz - lOKHz 


New Amplifier 

1 

135 

0.30 

Analog Devices [15] 

AD520K 

110 

2.92 

Analog Devices [16] 

AD521K 

114 

1.24 

Burr Brown [17] 

3670K 

94 

3.30 

Burr Brown [18] 

3660K 

100 

2.30 

Analog Devices [19] 

606M 

100 

1.70 


high transconductanca FET r s were paralleled to form the input devices, 
discrete circuits were used for the op-amps > and all circuit 
resistors were trimmed to minimize the common mode gain. 

An amplifier could possibly be built having as low as 20 ft 
noise resistance and as high as 100 dB common mode rejection at 


10 KHz. 
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APPENDIX A 


BASIC NOISE ANALYSIS OF ACTIVE DITTOES 

It will be the purpose of this analysis to find the equival 
output noise of an active device and its associated components. Most 
all active devices can be represented by the model in Figure A~l. Here 
conductances are used instead of impedances to simpliiy the analysis. 



Figure Active Device Model With Associated Circuitry. 

Y a , Y^ and Y c are representative of the associated input and output 
circuitry. The analysis can be simplified without loss in exactness 
if Y 4 is lumped into giving the model in Figure A- 2 . Any noise 
sources in the device van be simulated by an appropriate combination 

if 

of the noise cir rent sources i a , ijj, and i c . 
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Figure A-2. Simplified Active Device Model With Noibe Sources. 

Given the model in Figure A-2 the node equations are 

V b (Y b + Y t + Y 2 ) - V a (Yi) - V c (Y 2 ) = i b , 

-V b (Y i + gm) + V a (gm + Y a + Yi + Y 3 ) - V C (Y S ) = i a> ' 

and (A-l) 

-V b (Y 2 - gm) - V a ('-3 + gm) + V C (Y C + Y 2 + Y 3 ) = i c . 

To solve for the Norton equiv lent noise at the output node C 
(collector of Bipolar transistor or drain of an FET) , as shown in 

Figure A-3 the output admittance Y QC and Norton cunent source must 

be found, Y oc can be found from Equation (A-l) by letting 

Y c - 0 

ia ~ 0 

i b = 0 
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Figure A- 3 . Norton Equivalent Noise Model at Node C. 


and solving for i c /V c = Y oc . Making these substitutions and 
solving by Cramers rule, Equation (A- 2 ) is obtained. 


Y b Yzgm + Y b Y a Y 2 + Y b Y a Y 3 + Y^Y, + Y b Y,Y 3 + Y b Y 3 Y 2 
Y b gm + Y b Y a + Y b Y t + Y b Y 3 + YiY a + Y L Y 3 

(A- 2 ) 

+ YiY2Y a + YiYzY a + Y2Y3Y a + 2Y1Y2Y3 + Y2Y a gm 
+ Y 2 gm + Y z Y a + YiY 2 h yTy^ 


The collector shot noise of a bipolar transistor or the drain 
channel noise of an FET appears in the model as a noise current source 
ii in the model of Figure A- 4 . This model can be made to fit the 
general node equation if 

ib “ 0 » 
i-a = > ■* 
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Figure A-4* Active Device Model With One Noise Source. 


The Norton equivalent output current source can be found by 
finding the short circuit output current or the open circuit output 
voltage times the output admittance. The latter is easier to find 
using the node equation* Making the above substitution the Norton 
equivalent output current is given by Fiquation (A“3) * 


( Y b Y a + Y b Y i + Va + Y 2 Y a> 

( Y b Y a + Y b Y i + Y i Y a + Y 2 Y a) 

(A-3) 

i i 

+ Y b Y 3 + Y 1 Y 3 + Y 2 gm + YiY 2 + Y 2 Y 3 


For low frequencies the model admittances can be approximated 
as in Table A-l. Making these substitutions into Equation (A~3) for 
the bipolar transistor gives 



TABLE A-l 


Low Frequency Equivalents to Model Admittances 


Admittance 


Bipolar 


(3 + 1)V C 


1 

Kb + r b 


gm 


3 

r b 1 e 


3 

(6 + 1 ) 


gm 


8 ! 


L ni 


. r e % ) 

(0 + 1 ) + 1 

K e K e 


ll 


lowf 


(3 + l) 




r ce 


Rb Rb 

+ 1 + — 2 — + 


*ce 


R, 


(A~4) 


assuming 


and 


3»l, 
r C e >>r e> 
0r ce »R gJ 
ii - i c * 


Equation (A-4) reduces to 


L nc 


+ Re 4- R-b 


3 (Re + r e ) + K h 


lowf 


(A- 5) 


In the common base configuration 


Rb - 0 


Then 


R e »0r e . 


^nc 

ic 


lowf 

CB 



(A~6) 


In the common emitter configuration 

R e — 0 , 

then 



lowf 

CE 


1. 


(A- 7) 
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For the differential amplifier case 


Then 


R e = r e + Rb/3. 


inc 

ic 


lowf 

diff 



(A-8) 


Making the appropriate substitution into Equation (A-3) for the low 
frequency FET MODEL gives, with ii «■ ’g, 


ind 

id 


lowf 


± l — £ l — i — ca-q'i 

RgR s R g r gs r gs R s 

i f. 1 (. i f. _EE! f. i 1- i 

RgR s RgTgg r gs R s R g r gs r ds R g r ds 


If 

r gs >>R i 

and 

rg S »Ri 


then Equation (A-9) reduces to 


ind 

id 


lowf 


1 

1 + gm I! S + 


For the common gate case: 


R s = rd s 


R s » 


1_ 

gm 


(A-10) 


ind 


i 


lowf 

CG 


m -is 


(A-ll) 
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For the common source case: 


Rs K 0, 


^nd 

id lowf 
CS 


For the differential amplifier 


1 

gm » 


Rs ? 


(A-13) 



APPENDIX B 


PARAMETERS OF OP-AMPS AND FET’S 

The following is a partial listing of specifications on the 
RG4136 quad op-amp [20]: 

1. Gain-bandwidth product - 3 MHz. 

2. DC gain - 300,000 V/V. 

3. Input noise voltage above 1000 Hz - 10 nv// Hz. 

Input noise current above 1000 Hz - 0.5 pA/ / Hz. 

The following is a partial listing of the specifications of 
the dual N-channel FET number 2N5565 for V^g = 15 V, and I^ » 2 mA 
[ 21 ]. 

1. gm ss - 18 mmhos 

2. Idss " 15 mA. 

3. V p - 1.8 V 

4. Output resistance - 66 kft. 

5. Gate current - 15 pA. 

6. Input noise voltage - 4.5 nv/ / Hz. 

7. Drift in V gs - 9 yv/°C. 

8. V oa mis-match - 8 mv. 

a 13 
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APPENDIX C 


COlfMON MODE REJECTION AND NOISE MEASUREMENT 

An experimental apparatus was used to measure common mode 
gain and noise as in Figure C-l. 


Ik 



Sine Wave Instrumentation 

Source Amplifier 

Figure C-l. Apparatus for Measuring Common Mode Gain and 
Noise* 

The switch S 1 was used to switch from the common mode gain to 
noise measurement* The amplifier Ai had an equivalent noise resistance 
of 10 and a gain of 240. The twin-T filter set had a Q of sbout 
10, a gain at midband of 40, and a calibrated noise bandwidth. 

To obtain CMRR the ratio of differential n to common mode gain 
at a particular frequency is taken* 

To measure noise Si is closed to short both inputs of the 
amplifier under test to ground. To obtain the equivalent input noise 
voltage the meter reading was divided by the filter gain, the square- 
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root of filter bandwidth, the Aj amplifier gain and the differential 
gain of the amplifier under test. 
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